Aim: PRD1-BF-1-RIZ1 homologous domain containing protein-16 (PRDM16) is a cell-autonomous transcriptional component that stimulates the development of brown fat cells. The aim of this study was to investigate the contribution of genetic variants of PRDM16 to obesity-related phenotype variations in Chinese. Methods: A total of 3204 subjects (consisting of 400 male-offspring nuclear families, 401 female-offspring nuclear families, and 729 unrelated older males) were recruited. Ten tag single nucleotide polymorphisms (SNPs) within the PRDM16 gene were genotyped using multiplex quantitative real-time PCR by Taqman assay. Body compositions were measured by dual-energy X-ray absorptiometry (DXA). The associations of the SNPs with the obesity-related phenotypes were analyzed using the quantitative transmission disequilibrium test (QTDT), GLM-ANOVA and PLINK statistical methods. Results: Rs2236518 was the only SNP that was associated with BMI in young (aged 20-40 years) males (P=0.011) using QTDT, and in the older men (aged 50-80 years) (P=0.003) using GLM-ANOVA. No significant associations were detected in the females. Nor was a relationship found between any haplotype and obesity-related phenotypes. When PLINK was used, no significant relationship was detected between 10 SNPs and obesity-related phenotypes in any of the studied cohorts. Conclusion: Rs2236518 is associated with BMI in the young males (using QTDT), and the older males (using GLM-ANOVA). However, the result is not confirmed using PLINK. The discrepancy needs to be further addressed.
Introduction
Obesity is a state of excess body fat that results from excess energy storage. Human obesity belongs to a group of risk factors known as the metabolic syndrome, which is influenced by genetic, physiological, behavioral, and socio-cultural factors [1, 2] . Therefore, obesity is currently an area of interest for research. Brown adipose tissue (BAT) dissipates chemical energy to produce heat as a defense against cold. Interest in the development and regulation of BAT has exploded in the past few years. Clearly, much of the interest in this cell type is due to its role in preventing hypothermia and obesity. PRD1-
BF-1-RIZ1 homologous domain containing protein-16 (PRDM16)
is the first known cell-autonomous transcriptional component that is both necessary and sufficient to stimulate the development of brown fat cells [3] . PRDM16 is situated on chromosome 1p36.3 [4] . It is a 140 kDa zinc-finger protein that was originally identified at a chromosomal breakpoint in t(1;3)(p36;q21)-positive human acute myeloid leukemia cells, and it contains 17 coding exons and spans approximately 400 kb [5] . In 2007, one study found that brown fat cells contain an abundance of the zinc-finger protein PRDM16 [6] . Soon afterwards, another study demonstrated that PRDM16 can act as a bi-directional switch that directs cell fate to skeletal myoblasts or brown fat cells [7] . In 2008, two studies presented evidence that PRDM16 stimulates brown adipogenesis by binding to the peroxisome proliferator-activated www.chinaphar.com Yue H et al Acta Pharmacologica Sinica npg receptor-γ (PPAR-γ) and activating its transcriptional function. The loss of PRDM16 from brown fat precursors causes a loss of brown fat characteristics and promotes muscle differentiation. Conversely, the ectopic expression of PRDM16 in myoblasts induces differentiation into brown fat cells [8, 9] . Animal studies have indicated that PRDM16 transgenic mice display increased energy expenditure, limited weight gain, and improved glucose tolerance in response to a high-fat diet [10] . Therefore, the above findings suggest new therapeutic avenues for reducing obesity and its associated diseases. These studies prompted our hypothesis that PRDM16 genetic polymorphisms are associated with variations in body fat mass and lean mass in humans.
In recent years, a wealth of studies have focused on the role of PRDM16 in BAT and white adipose tissue (WAT) and on the possible mechanisms by which PRDM16 directs cell fate to skeletal myoblasts or brown fat cells [9, [11] [12] [13] . To our knowledge, no study has been performed on the genetic association of PRDM16 polymorphisms with obesity-related phenotypic variation in humans. In the present study, based on a large sample including two Chinese nuclear families and one independent cohort, we performed family-based [quantitative transmission disequilibrium test (QTDT)] and populationbased (ANOVA) association studies of the 10 tag single nucleotide polymorphisms (SNPs) in the PRDM16 gene to examine whether these SNPs in PRDM16 contribute to the observed variation in obesity phenotypes in the Chinese Han population. The purpose of this study was to establish an important foundation for the further elucidation of the multiple mechanisms by which PRDM16 modulates obesity phenotypes.
Materials and methods

Subjects
All study subjects belonged to the Chinese Han ethnic group. For each study subject, we collected information on age, sex, medical history, family history, marital status, physical activity, alcohol use, dietary habits, and smoking history. We also collected information on menses, obstetrical history, and history of hormonal contraceptive use in the female subjects. Exclusion criteria were the same as in our previous studies [14] . The study was approved by the Ethics Committee of the Shanghai Jiao Tong University Affiliated Sixth People's Hospital. All subjects involved in this study were recruited by an osteoporosis center from a local population in Shanghai City, which is located in the middle of the east coast of China, and all subjects signed written informed consent before entering this study.
Anthropometric measurements
In the male-offspring nuclear families, fat mass (kg) and lean mass (kg) (including arms, legs, trunk, and total body) were measured by dual-energy X-ray absorptiometry (DXA) on a Lunar Prodigy (GE Lunar Corp, Madison, WI, USA). The DXA scanner was on fan-beam mode. The machine was calibrated daily. Its coefficients of variability (CV) (obtained from 7 volunteers with 5 measurements each) for the fat mass of the upper limbs, lower limbs, trunk, and total body were 3.72%, 3.28%, 2.52%, and 3.72%, respectively; the CV for the lean mass measurements at the above sites were 1.18%, 1.59%, 1.12%, and 1.18%, respectively [14] . The long-term precision (expressed as the CV of our DXA instrument that was determined by daily measurements of a phantom) was 0.45% during the study period [14] . Height was measured to the nearest centimeter on a wallmounted stadiometer, and body weight was measured to the nearest 0.1 kg on a standard balance beam scale, with subjects wearing light indoor clothing and no shoes. Both the stadiometer and the balance beam scale were regularly calibrated during the study. Body mass index (BMI) was calculated as the weight in kilograms divided by the square of the height in meters, and the fat/lean mass percentage (FM%/LM%) was calculated as the ratio of the fat/lean mass to body weight (ie, the sum of fat mass, lean mass, and bone mass).
SNP selection and genotyping
The SNPs were selected from the National Center for Biotechnology Information (NCBI) dbSNP and HapMap databases. The SNP selection was based on the following criteria: (1) validation status, especially in a Chinese population; (2) the degree of heterozygosity [minor allele frequencies (MAFs)>0.4]; (3) the pairwise linkage disequilibrium (LD) of the algorithmdetermined bin of the SNP exceeding a threshold value (r 2 =0.8); and (4) the SNP being a maximally informative site for PRDM16. Therefore, we selected 10 tag SNPs: rs731031, rs12095716, rs4415513, rs11578011, rs12024847, rs2483225, rs4648500, rs870171, rs2493272, and rs2236518. Among these SNPs, only rs2236518 is located in the 3′UTR region of exon 17. The other nine SNPs are all located in introns.
A 5-mL blood sample was drawn from all subjects after a 12-h overnight fast and combined with disodium EDTA. Genomic DNA was extracted from the peripheral blood samples by routine methods. The TaqMan allelic discrimination assay (Applied Biosystems, Foster City, CA, USA) was used for the genotyping. The primer and probe sequences were optimized using the SNP assay-by-design service of Applied Biosystems. The amplification and allelic discrimination were performed in an Mx3000P Real-Time PCR System (Stratagene, CA). Random duplicate genotyping was routinely undertaken during the study and a mean genotyping error rate of less than 1% was found for all SNPs.
LD and haplotype analyses
Haplotypes were constructed from the population genotype data using the Stephens algorithm and the Phase program version 2.0.2 [15] . The significance level of the LD between the markers for the PRDM16 gene was assessed using the observed haplotypes, the allele frequencies, and the Haploview software (version 3.2). We examined Lewontin's D′ and the r 2 coefficient between all pairs of biallelic loci. The frequencies of the genotypes and haplotypes were calculated using a group of 800 unrelated subjects (the parents from the 400 male-offspring nuclear families). Yue H et al
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Statistical analyses
The allele frequencies were estimated by gene counting. The Hardy-Weinberg equilibrium was tested by a χ 2 goodness-offit statistic. The QTDT program using the orthogonal model was used to test for population stratification, linkage, and within-family association between the SNPs, haplotypes, and obesity-related phenotypes. The QTDT software package is available on the internet (http://www.sph.umich.edu/csg/ abecasis/QTDT/). The obesity phenotypes were adjusted by age. Owing to the possibility of false-positive results in multiple tests, 1000 permutations of the data sets were performed to obtain the empirical P values and assess the reliability of the results. The QTDT program generates P values for various tests using a distribution that is asymptotically χ 2 . A P value threshold of 0.05 was considered significant for all of the analyses.
In addition, a general linear model-ANOVA (GLM-ANOVA) was performed for our independent cohort of 729 older men. This analysis was used to compare the mean values of the phenotypic variables across the genotype combinations while adjusting for covariates (age). The statistical analysis was performed using the SPSS (Statistical Package for the Social Sciences) software package, version 11.0 (SPSS, Chicago, IL, USA).
In this study, PLINK [16] was also used in quality control filtering and association tests. P values <0.05 were defined as nominally significant, and samples were further subjected to false discovery rate (FDR) correction to account for multiple comparison problems. A P value <0.05 after Bonferroni correction for multiple tests was used to determine statistical significance.
Results
The basic characteristics of the study subjects The average family size was 3.14; 348 families had 1 child, 50 had 2 children, 2 had 3 children, and 1 had 4 children. All recruited daughters were pre-menopausal. An independent study cohort, consisting of 729 unrelated healthy males aged 50-80 years (mean age 61.1±7.1), was recruited in 2008-2009. The basic characteristics of the subjects are shown in Table 1 .
Association between obesity-related phenotypes and SNPs and haplotypes in the male-offspring nuclear families A total of 1215 subjects were successfully genotyped from the 400 families. All 10 polymorphisms met the expectations of Hardy-Weinberg equilibrium (HWE). Detailed information on the PRDM16 SNPs analyzed in this study and the MAFs in dbSNP is listed in Table 2 .
Based on the D′ values, we found two blocks of substantial LD. Block 1 contained rs11578011, rs12024847, and rs2483225 and had D′ values ≥0.69, and block 2 contained rs4648500, rs870171, and rs2493272 and had D′ values ≥0.71 (Figure 1 ). Owing to the strong LD among the polymorphisms, 7 frequent haplotypes were inferred in block 1 and block 2 using the likelihood method from the PHASE software. The haplotypes and their frequencies in block 1 were GTA (53.8%), ACG (25.4%), ATA (6.5%), ACA (4.8%), GCG (4.1%), GCA (3.7%), and GTG (1.2%). The 7 haplotypes in block 1 together accounted for 99.5% of the total population. The haplotypes and their frequencies in block 2 were GCT (39.2%), TAC (34.9%), TCT (2.9%), GCC (6.9%), TCC (6.3%), GAC (5.8%), and TAT (3.0%). The 7 haplotypes in block 2 altogether accounted for 99.1% of the total population.
There were 279, 293, 296, 290, 294, 256,285, 284, 280, and 250 informative nuclear families for the TDT analysis at rs731031, rs12095716, rs4415513, rs11578011, rs12024847, rs2483225, rs4648500, rs870171, rs2493272, and rs2236518, respectively. Population stratification was detected for rs2236518 and trunk fat mass (P=0.023). Rs2236518 had significant within-family associations with BMI (P=0.011). One thousand permutation Table 3) . We failed to find a relationship between any haplotype and obesity-related phenotypes (data not shown). Rs2236518 was the only polymorphism that showed association with BMI in the male-offspring nuclear families. Therefore, rs2236518 was selected to further analyze in the femaleoffspring nuclear families and the independent cohort consisting of 729 older males.
Association between BMI and rs2236518 in the female-offspring nuclear families Because fat mass values had not been measured in females, BMI was the only obesity-related phenotype whose association with the genotypes could be tested. However, no significant within-family association between rs2236518 and BMI was detected using QTDT in daughters from the female-offspring nuclear families (data not shown).
Association between rs2236518 and BMI in 729 older males Only BMI, age, height, and weight had been measured in the unrelated 729 older males when they were recruited, and BMI was the representative obesity-related phenotype in this cohort. The BMI values were adjusted by age as covariates. Rs2236518 was found to be associated with BMI in the ANOVA model (P=0.003). The adjusted BMI was 3.65% higher in the subjects carrying the TT genotype than in the individuals with the GG genotype; the adjusted BMI was 3.4% higher in the subjects carrying the GT genotype than in the subjects with the GG genotype. Rs2236518 explained 1.55% of the BMI variation (Table 4) .
Association between rs2236518 and BMI in the three studied cohorts using PLINK Unfortunately, no significant relationship between rs2236518 and BMI was detected in any of the three groups (Table 5) .
Discussion
Obesity is a health problem that is caused by disequilibrium between caloric intake and expenditure, and it presents with excessive body fat accumulation. Obesity is a serious public health problem, and individuals with obesity are more likely to develop other serious diseases, such as diabetes, hypertension, and coronary heart disease [17] . BMI and fat mass are different obesity-related phenotypes that are known to be under strong genetic control (with a suggested heritability of 40%-60%) [18] . Heritability, candidate genes, and genome-wide linkage analyses for fat mass and lean mass have been widely reported in numerous publications [19, 20] . In this study, we investigated the associations between PRDM16 gene polymorphisms and DXA-determined fat mass in our large samples. www.nature.com/aps Yue H et al Acta Pharmacologica Sinica npg BMI and fat mass were chosen as the obesity-related phenotypes in our study for two reasons. First, the World Health Organization (WHO) has proposed BMI as a simple and practical measure of obesity. In addition, BMI is the most commonly used obesity phenotype in epidemiological studies. Second, fat mass can be easily and accurately determined by DXA, and it can be used to confirm BMI findings, given that BMI alone may not always be appropriate for defining obesity [21] . To eliminate false positive results, QTDT was used to detect population stratification and analyze within-family associations, and within-family association between rs2236518 and BMI (P=0.011) was detected in the male-offspring nuclear families. However, the haplotype analysis did not provide any significant evidence to support the above positive result. Interestingly, the relationship between rs2236518 and BMI was detected in the independent cohort of 729 older males using GLM-ANOVA, whereas no association was found between rs2236518 and BMI in the daughters from the female-offspring nuclear families. This discrepancy suggests that the association between PRDM16 and BMI variations may be gender specific. The latest studies also supported this hypothesis that the association between PRDM16 genotype and BMI is specific to females. Xi et al [22] confirmed the synthetic effect of SNPs on the indices of adiposity and risk of obesity in Chinese girls but not in Chinese boys. Another study performed in Chinese children also indicated that gender differences may exist in various obesity-related genes [23] . In our study, the reasons for the difference between the sexes may be as follows: 1) the adipose tissue distribution between women and men is quite different and 2) bone geometric structures vary between genders. Nevertheless, studies with larger sample sizes are needed to confirm these hypotheses. However, it is difficult to explain In recent years, a large number of studies have examined the mechanisms of obesity, especially brown adipogenesis. One recent study showed that Plac8 is a critical upstream regulator of brown fat differentiation, and its overexpression induces C/EBPβ and PRDM16 expression using brown preadipocytes [24] . Cao et al found that environmental enrichment induced the upregulation of PRDM16 in white fat, whereas hypothalamic overexpression of brain-derived neurotrophic factor reproduced the enrichment-associated activation of the brown fat gene program and lean phenotype [24] . In addition, Yadav et al showed that Smad3
(-/-) adipocytes demonstrated a marked increase in mitochondrial biogenesis, with a corresponding increase in basal respiration, and that Smad3 acted as a repressor of PGC-1α expression and regulated energy homeostasis [25] . One recent animal study indicated that the WAT of FSP27-deficient mice had a gene expression profile similar to that of BAT, and that FSP27 acted as a molecular determinant that controls C/EBPα/β and PRDM16 gene expression and components of the cAMP signaling pathway [26] . Although experiments in vitro or in vivo have demonstrated the close relationship between PRDM16 and obesity, our study does not confirm the link in humans.
Our study has several important strengths. First, our subjects were taken from 400 male-offspring nuclear families, 401 female-offspring nuclear families, and 729 independent older males, which make our study more credible, and the sample size was large enough to detect quantitative trait loci (QTL). Second, we investigated 10 PRDM16 tag SNPs. The tag SNPs included more informative SNPs, and they may have been more representative than non-tag SNPs. Third, the tag SNPs we selected had relatively high heterozygosity, to maximize the study's power to detect associations with obesity phenotypes.
Our study also has some limitations. First, we studied only healthy men and healthy young females of the Chinese Han ethnic group, so caution is needed when generalizing our conclusions to other populations. Second, because fat mass and lean mass values were not measured in the female-offspring nuclear families and the independent cohort of 729 older males, the only obesity-related phenotype studied in these two populations was BMI, which may not always be appropriate for defining obesity. Thus, our analysis of the relationship between PRDM16 genetic variations and obesity-related phenotypes was not complete. Additional obesity phenotypes are needed for further analysis.
To our knowledge, this is the first study to investigate the relationship between PRDM16 SNPs and haplotypes and obesity-related phenotypes in the Chinese Han population. Our study suggested that genetic variation at the PRDM16 gene may not contribute to the obesity-related phenotypic variability in Chinese Han population. There is not enough evidence to show that the PRDM16 gene is a candidate gene for the genetic determination of body composition in the Chinese Han ethnic group. Larger sample sizes and samples from different ethnic populations are needed to replicate our results.
